A physically active, nonsmoking lifestyle with weight maintenance positively influences bone health. The authors estimated the effect of lifestyles on peak bone mass and lifetime bone loss in the Tromsø Study, Norway. Bone mineral density (BMD) was measured at distal and ultradistal forearm sites with single x-ray absorptiometric devices in 7,948 men and women aged 24-84 years in 1994-1995 and repeated in 2001 in 6,182 subjects. BMD was significantly higher at peak than at old age. However, the difference, estimated as lifetime loss, varied between lifestyle groups. Lifetime loss in nonsmoking, physically active men with a body mass index of 25 kg/m 2 compared with smoking, inactive, and lean men was 15.9% and 25.9% at the distal site and 17.5% and 29.7% at the ultradistal site, respectively. In women, the corresponding loss estimates were 34.4% and 45.7% and 35.6% and 55.7%, respectively. The differences in BMD at the age of 80 years correspond to an increased forearm fracture risk of 69% in men and 85% in women with greatest bone loss. A lifestyle including nonsmoking, a high physical activity level, and a high body weight reduces bone loss and fracture risk in both sexes, with increasing effect from peak bone mass to old age. bone density; densitometry; follow-up studies; life style; longitudinal studies; osteoporosis Abbreviations: BMD, bone mineral density; BMI, body mass index.
Although incidence varies substantially between populations (1), osteoporotic fractures have a huge economic impact worldwide in addition to the negative health effects (2) . In subjects aged 50 years in the United States and the United Kingdom, 1 in 2 women and 1 in 5 men will have an osteoporotic fracture in their remaining lifetime (3) . The causality of fractures is complex, but bone fragility is an important contributor to fracture risk (4, 5) . Bone mineral density (BMD) is a good surrogate measure of bone strength (6) , predicting 60%-70% of its variation (7) . A strong relation between BMD level and the probability of fracture has been documented, and BMD measures at any site predict general fracture risk with equal magnitude (8, 9) .
BMD in the elderly is a function of the amount of bone gained during growth and the amount of bone lost during aging. The age when peak BMD values are reached and when bone loss starts in women and men has not yet been determined with certainty (10, 11) . There are studies indicating that bone loss starts in the third decade of life (12) , while other longitudinal population-based studies indicate that a minor, but significant bone loss starts in the fourth decade in both sexes (13) . In women, bone loss increases to annual rates of between 0.5% and 0.9% in the perimenopausal period (14) (15) (16) (17) , accelerates in the first years after the menopausal transition to mean annual loss rates well above 1% (16, 17) , and remains around 1% into old age (18) (19) (20) . In men, the small BMD loss detected in the fourth decade (13) increases with increasing age to mean annual loss rates of approximately 0.8% in old age (18) (19) (20) (21) .
Previous studies have indicated that, in total, women lose about 35% cortical and 50% trabecular bone, and men lose about two-thirds of these amounts over life (22, 23) .
However, studies estimating lifetime bone loss from peak bone mass into old age based on data from the same population have not yet been published. The normal bone loss rates through life are therefore not fully described.
In addition to age, several lifestyle factors influence fracture risk, BMD levels, and bone loss rates. There is strong evidence that a lifestyle that includes nonsmoking (24) , physical activity (25, 26) , and avoidance of weight loss (20, 27, 28) is advantageous for preservation of bone health through life. Documentation of not only the association but also the size of the effect between lifestyle and bone health can be helpful in promotion of public health advice. The aim of this study was as follows:
to estimate normal lifetime BMD changes at the forearm with cross-sectional and longitudinal data in men and women in a large population-based study to estimate the impact of different lifestyles including smoking status, physical activity level, and weight control on lifetime bone loss and thereby fracture risk.
MATERIALS AND METHODS

Study population
The Tromsø Study is a longitudinal, population-based, multipurpose study focusing on lifestyle-related diseases, initiated in 1974 (Tromsø I) with surveys repeated in 1979 -1980 , 1986 -1987 , 1994 -1995 . This study utilizes data from the 1994-1995 (Tromsø IV) and 2001 (Tromsø V) surveys. The number of participants has varied in the different surveys. In Tromsø IV, all subjects in the municipality aged 25 years or above (n ¼ 37,558) were invited to phase I of the survey. All men aged 55-74 years, all women aged 50-74 years, and 5%-10% random samples of other birth cohorts aged 25-84 years were preselected to a more extensive phase II examination (10,542 subjects) that included forearm BMD measurements. The attendance rate was 74% and 77% in men and women, respectively, and BMD was measured on a total of 7,948 subjects (3,390 men and 4,558 women). In Tromsø V, 7,386 subjects alive and still living in Tromsø were invited for a reexamination, and BMD was measured in 6,182 subjects. The follow-up examination included 56% and 61% of the men and women originally invited in 1994-1995. The mean follow-up time was 6.4 (standard deviation, 0.3) years. Eligible for the present study were the 7,948 subjects who attended the survey in 1994-1995, with a possible repeated examination in 2001. Subjects who did not give a full informed consent (n ¼ 76) were excluded from the analyses, as were women reporting use of hormonal replacement therapy in 1994-1995 (n ¼ 555). Women who reported use of hormonal replacement therapy in 2001 were excluded from that survey only. All invalid BMD measurements, mostly due to excessive movement artifacts, were set to missing (n ¼ 44 subjects were consequently excluded). Thus, the present analyses comprised 7,273 participants (3,351 men and 3,922 women). A total of 4,198 subjects had a valid BMD measurement from both surveys, 3,047 from 1994-1995 only, and 28 from 2001 only. The Regional Committee of Research Ethics recommended and the Norwegian Data Inspectorate approved the study.
Measurements
Height and weight were measured in all participants wearing light clothing without shoes. Body mass index (BMI) was calculated as weight (kg)/height (m) 2 . In both surveys, BMD was measured at the distal and ultradistal forearm sites, with 2 single x-ray absorptiometric devices (DTX-100; Osteometer MediTech, Inc., Hawthorne, California). The distal site includes both the radius and ulna from the 8-mm point (the point where the ulna and radius are separated by 8 mm) and 24 mm proximally. The ultradistal site includes only the radius and stretches from the 8-mm point up to the radial endplate. The nondominant arm was measured except when it was ineligible because of wounds or plaster casts, etc. In both surveys, by use of the same protocol, participants were allocated to either of the 2 densitometers according to availability. Extensive quality control routines were included with respect to precision, correction of artifacts, and assessment of possible long-term drift throughout each survey and between surveys (29, 30) . The quality assessment procedures that were based mainly on phantom measurements (European forearm phantom) led to adjustments of data in both surveys (29, 30) .
Questionnaires
Two self-administered questionnaires were filled in by the participants in both surveys, one before entering the study and the other during the study. From these questionnaires, we derived data on the number of cigarettes smoked and physical activity levels. The smoking question in 1994-1995 was as follows: ''For current or previous smokers, how many cigarettes do you, or did you, smoke daily (hand rolled þ factory made)?'' and, in 2001, ''If you currently smoke, or have smoked before, how many cigarettes do you or did you smoke per day?''. Information on current smokers (yes/no) was also retrieved. A combined smoking variable was categorized into 4 groups displaying the number of cigarettes smoked daily (0, 1-9, 10-19, !20 cigarettes). The physical activity information was the same in both surveys and comprised 2 identical questions: one concerning light activity (not sweating or out of breath) and one concerning hard physical activity (sweating/out of breath). The question, ''How has your physical activity in leisure time been during this last year? Think of your weekly average for the year. The time spent going to work counts as leisure time (hours per week),'' had 4 alternatives: 1 ¼ none, 2 ¼ less than 1 hour, 3 ¼ 1-2 hours, and 4 ¼ 3 or more hours. We combined information from both questions and chose the categorization of subjects into 3 activity groups: hard physical activity ¼ alternative 4 from both questions, sedentary ¼ alternatives 1-3 from the light activity question in addition to alternative 1 from the hard activity question, and moderate activity ¼ all other alternatives. 
Statistical analyses
Data analysis was performed by using SAS, version 9.2, software (SAS Institute, Inc., Cary, North Carolina). Seconddegree fractional polynomials were fitted to find the best relation between BMD and age or BMI. The powers for fractional polynomials were chosen from the set u ¼ (À2, À1, À1/2, 0, 1/2, 1, 2, 3) (31). Linear mixed models were used to estimate BMD (at the distal and ultradistal sites), as the dependent variables, and 2 fractional polynomials of age as independent variables. Two random effects were included: a random intercept term controlling for the repeated measurements within each subject and an ordinary residual term. The association between BMD and Abbreviations: BMD, bone mineral density; BMI, body mass index. a Estimated by using linear mixed models. b Active (leisure-time physical activity ¼ ''active''); sedentary (leisure-time physical activity ¼ ''sedentary''); average lifestyle (sex-specific mean values of BMI, 3 indicator variables of smoking, and 2 indicator variables of physical activity); nonsmoking (number of cigarettes smoked daily ¼ 0); heavy smoking (number of cigarettes smoked daily ! 20).
c Difference between peak age and 80 years.
BMI adjusted for age was modeled by adding 2 fractional polynomials of BMI to the models. Both age and BMI were modeled as time-dependent variables. However, in addition to the main effects, 2-way interaction terms between age and BMI were included. If f1_age and f2_age and f1_BMI and f2_BMI are fractional polynomials, the model would be the following:
where BMD ij (or f1_age ij , f1_BMI ij ) is subject i's value at time point j ¼ 1 or 2, the b's are regression coefficients, u i is the random effect of each subject, and e ij is the residual variation.
The models were further expanded with the lifestyle factors number of cigarettes smoked daily (as 3 indicator variables) and physical activity (as 2 indicator variables). Two-way interaction terms with age were also added. The estimated regression models were used to predict trends in BMD by age differentiated by 7 sets of lifestyles: 1) a nonsmoking, physically active subject, with a BMI of 30 kg/m 2 ; 2) a nonsmoking, physically active subject, with a BMI of 25 kg/m 2 ; 3) an ''average'' lifestyle using sex-specific mean values of the independent variables BMI, smoking, and physical activity; 4) a heavy smoking, physically inactive subject, with a BMI value of 30 kg/m 2 ; 5) a nonsmoking, physically inactive subject, with a BMI value of 18 kg/m 2 ; 6) a heavy smoking, physically active subject, with a BMI value of 18 kg/m 2 ; and 7) a heavy smoking, physically inactive subject, with a BMI value of 18 kg/m 2 . The full multivariable model was also used to assess the association between BMD and BMI, smoking, and physical activity estimated at given age values (35 years and 80 years). Model assumptions were assessed by graphical displays of the residuals. All analyses were sex specific, and all P values were 2 sided with a significance level of 0.05.
RESULTS
Characteristics of the participants in each survey (Tromsø IV and V) are displayed in Table 1 , together with the estimated 7-year change in BMI and the distal and ultradistal BMD between the 2 surveys. Figure 1 shows the sex-specific mean distal and ultradistal BMD by age (left) and by BMI estimated at ages 35 and 80 years (right). Note that the association between BMD and BMI is stronger in older subjects.
The estimated peak age, mean BMD at peak, and difference between peak and 80 years (i.e., an estimate of lifetime BMD loss) (with 95% confidence interval) according to 7 sets of lifestyles in men and women at both sites are presented in Table 2 . The mean bone loss at the cortical distal site is 17% for an ''average'' man and 35% for an ''average'' woman. At the trabecular ultradistal site, the corresponding mean bone loss is 19% in men and 39% in women. Bone loss differed between lifestyle groups. The smallest bone losses were observed in nonsmoking, physically active men and women, with a BMI of 30 kg/m 2 , and the greatest bone losses were observed in heavy smoking, physically inactive men and women, with a BMI of 18 kg/ m 2 for both sites. The estimated lifetime BMD loss in nonsmoking, physically active men with BMI ¼ 25 was 39% and 40% lower than their smoking, sedentary, and slim counterparts, at the distal and ultradistal sites, respectively. In women, the corresponding percentages were 25% and 38%, respectively. A further elucidation of age trends in BMD loss by lifestyle is displayed in Figure 2 . Table 3 displays the association among BMI, smoking status, physical activity, and BMD level estimated at ages 35 and 80 years. At age 35, no association or a weak association was observed between BMI and BMD, with P values of 0.49 and 0.05 in men at the distal and ultradistal sites and of 0.77 and 0.05 in women at the 2 sites, respectively. The effects of BMI were significantly strengthened by age; all P interaction values between BMI and age were 0.001 or less. At 80 years of age, in both sexes, at both sites, BMD levels decreased by decreasing BMI (all P < 0.001). Nonsmoking status was positively associated with BMD levels in all models estimated at age 80 years, but not at age 35 years. The sedentary, compared with an active, physical activity level was negatively associated with BMD levels at age 80 years in men (P ¼ 0.038 and P ¼ 0.94) and in women (P ¼ 0.19 and P ¼ 0.006) at distal and ultradistal sites, respectively.
DISCUSSION
The main findings from this study are the observed differences (defined as lifetime loss) in BMD between peak bone mass in the fourth decade and old age. Women are estimated to lose 35% cortical and 39% trabecular BMD and, from an initially higher BMD level, men lose, respectively, 17% and 19%. At the age of 80 years, nonsmoking, physically active men with BMI ¼ 25 are estimated to lose 39% less BMD at the forearm sites than their smoking, sedentary, and slim counterparts. Correspondingly, at the age of 80 years, nonsmoking, physically active women with BMI ¼ 25 are estimated to lose 25% and 38% less BMD than their smoking, sedentary, and slim counterparts at the distal and ultradistal sites, respectively.
One of the strengths of this longitudinal population-based study comprising both sexes is its long follow-up period and high attendance rates. A major limitation, because physical activity is included as an independent variable in the models, is the lack of BMD measurements from weight-bearing skeletal sites. The single x-ray absorptiometric measurement of the distal forearm is, however, one of the most precise densitometry methods (32) , and densitometer performance was strictly controlled throughout and between surveys (29, 30) . When central dual x-ray absorptometry is not available, peripheral BMD measurement can be used to assess fracture risk at both peripheral and central sites (33) , still constituting a valuable tool for the diagnosis of osteoporosis and general fracture risk (9) and an excellent tool for precise evaluation of changes in BMD. Although not weight bearing, the forearm site gives the possibility of comparing age-related changes of main bone types as the distal site contains mainly cortical and the ultradistal site mainly trabecular bone (34) . In addition, forearm BMD changes are reported to respond to lifestyle changes in a manner that is consistent with those of other weightbearing sites in women (35) and in men (36) . Nonresponse can cause selection bias. Comparisons of available data did not indicate any differences among nonresponders, partial responders, and full responders in the Tromsø IV survey (37) . After Tromsø V, the baseline characteristics from Tromsø IV could be used to compare participants who attended both studies, with those lost to follow-up, for whatever reasons. Despite lower attendance rates among the younger participants aged 25-45 years, nonresponse did not cause any substantial selection bias in either sex (13) . In the age group 50-84 years, participants lost to follow-up in Tromsø V were older, had lower selfperceived health at baseline, were more often daily smokers, and had lower BMD at both forearm sites (19) . We might therefore have some ''healthy selection bias'' in our followup data causing possible underestimation of bone loss rates. Fractional polynomials for BMI and age were assessed and implemented in our models. This approach provides the best-fitting associations but might lead to models that are overfitted. However, because of the large sample size (7,273 participants with 11,471 BMD measurements), this should be of less concern. A more straightforward and often used approach would be to fit age and BMI as polynomials of degree 1, that is, as linear components only. In a separate set of analyses, where BMI and age were fitted as linear, differences in lifetime BMD loss between the lifestyle groups were attenuated. However, the overall results remained, that an ''unhealthy'' lifestyle, compared with a ''healthy'' lifestyle, was associated with a significant and adverse lifetime BMD loss.
An estimated lifetime loss of 17% cortical and 19% trabecular bone in men and of 39% trabecular bone in women is less than, whereas a lifetime loss of 35% cortical bone in women is similar to, previous estimates (22, 23) . Although this study explores the effect of different lifestyles on bone mass in a way that, to our knowledge, has not been done before, we can compare our findings with results from recently published studies. In a meta-analysis on the effect of cigarette smoking on BMD and fracture risk, it was concluded that, in young premenopausal women, BMD was similar in smokers and nonsmokers (24) . Postmenopausal bone loss was, however, greater in smokers than in nonsmokers with an estimated additional 2% BMD loss for every 10-year increase in age, with a difference of 6% between smokers and nonsmokers by the age of 80 years (24) . Despite limited data on men, similar effects were suggested (24) . Another meta-analysis concluded that smokers over time had greater rates of bone loss compared with nonsmokers, and that the effect of smoking was greatest in men and in the elderly (38) . This study also concluded that smoking has an independent and dose-dependent effect on bone loss (38) . Another meta-analysis concluded that a history of smoking results in fracture risk that is even greater than that explained by measurements of BMD with higher risk ratios in men than in women (39) .
Physical activity (40) , regular weight-bearing exercise, preferably with dynamic activities that are variable in nature, applied rapidly and intermittently (41) is widely reported to have beneficial effects on the accumulation of bone mass during childhood and adolescence. Adolescence is claimed to be a ''window of opportunity'' period for positive skeletal adaption to mechanical loading unlike other periods in life (42) . In adult life, there is evidence that regular physical activity minimizes postmenopausal bone loss (26, 43) and prevents falls and fall-related injuries in older people (25) . The effect of physical activity on bone is furthermore site specific (44) , so that weight-bearing osteogenic exercises will have the strongest influence on weightbearing sites. The data we have on physical activity in our study are based on questionnaire report. Although the questions are proved to be a valid estimate of weekly metabolic activity (45, 46) , they are not the ideal measurement of the possible effect of physical activity on the non-weightbearing forearm site. It is also debatable how to categorize the answers to the questions into sedentary, moderate, and hard activity level. Despite these limitations in the data on physical activity level, even at the forearm site, at the age of 80 years, a sedentary physical activity level was negatively associated with BMD in both sexes compared with a moderate or active physical activity level.
Being slim is an established and important risk factor for osteoporosis and osteoporotic fractures in both men and women (27) , and weight loss is also a risk factor for bone loss (20, (47) (48) (49) . A number of mechanisms for the fat-bone relation exist, including the effect of soft tissue mass on skeletal loading and the association between fat mass and secretion of bone active hormones from the pancreatic beta cell and from the adipocyte (50) . This study indicates that there is no association between BMI and BMD at the age of 35 years and that the effects of BMI were significantly strengthened by age, supporting the preventive strategy of weight maintenance and avoidance of weight loss in the elderly (27, (47) (48) (49) (50) .
To estimate lifetime bone loss, one should ideally follow a cohort with longitudinal measurements from peak bone mass into old age. That being impossible, we based our estimates on a large sample with baseline and follow-up measurements after a period of more than 6 years. In order to evaluate the impact of differences in bone loss between lifestyle groups, we calculated the predicted fracture risk at the distal forearm using a relative risk of 2.6 per standard deviation decrease in BMD based on a meta-analysis by Marshall et al. (9) . Distal bone loss from peak age until 80 years corresponds to an 85% increased risk of forearm fracture in heavy-smoking, physically inactive women, with a BMI value of 18 kg/m 2 , compared with women with a healthy lifestyle including nonsmoking, physical activity, and a BMI of 25 kg/m 2 ( Figure 2 ). The corresponding value in men is 69%, and the corresponding risk for all types of fracture is 48% in ''unhealthy'' women and 39% in ''unhealthy'' men.
The estimates from this study are from the non-weightbearing forearm sites. Similar studies including total hip and femoral neck measurements, the sites of the most severe fractures, are warranted. Furthermore, the estimates are based on assumptions of stable lifestyles, and the effect of lifestyle changes should be calculated in larger cohorts or in studies with longer follow-up. Notwithstanding that, this study demonstrates how a lifelong healthy lifestyle including nonsmoking, a high physical activity level, and weight maintenance reduces bone loss, and by that fracture risk, in both sexes with an increasing effect by age from peak bone mass to old age.
